The negative pore-water pressure in unsaturated soils increases the inter-particle force and small-strain stiŠness, though this concept is only valid in wettable soils. The non-wetting nature of soils originating from the organic contamination of geoenvironments and natural hazards causes unexpected geo-events such as impermeation of water and hillslope runoŠ due to the changes in soil wettability. This study presents an experimental and numerical investigation to understand the evolution of capillary force and pressure for unsaturated soils whose surface wettability is wettable (hydrophilic) and water-repellent (hydrophobic). Hydrophobic granular materials are synthesized by the silanization technique with 0.5 mm diameter glass beads. The small-strain shear stiŠness and corresponding degree of saturation are continuously monitored during evaporation for both specimens. The peak value of maximum shear stiŠness is captured at a degree of saturation S¿5.5z for hydrophilic specimen, while the hydrophobic specimen shows a quasiconstant small-strain stiŠness during evaporation. The minimization of free energy for the liquid bridge between the two-particle system allows the attractive and repulsive capillary force and pressure produced between particles to be numerically estimated. The regime of zero-capillary pressure is identiˆed depending on the contact angle and volume of liquid bridge. The measurement of small-strain stiŠness combined with the numerical simulation of both hydrophilic and hydrophobic specimens clariˆes the governing factors to determine capillarity in the granular materials and provides insight into the phenomenological observation of capillary pressure for unsaturated soils.
INTRODUCTION
Saturated soil mechanics is a special case of the general eld in which the suction is smaller than the air-entry value in the water-wettable (hereafter hydrophilic) condition, while most soils in nature exist in the unsaturated condition. The surface wetability of soils determines the spatial conˆguration of ‰uid existence in pore spaces, which in turn dominates the physical and mechanical behaviors of unsaturated soils. Moreover, the occurrence of natural geohazards (hillslope runoŠ, soil erosion, and unpredictable over‰ow), environmental accidents (oil contamination) and their associated remediation methods necessitate the understanding of soil-wettability. Waterrepellent (hereafter we use the term``hydrophobic'') soils are omnipresent as the result of wildˆres, volcanic ash, the precipitation of volatile and non-hydrocarbon component on soil particle, and organic substances produced from vegetation (Ritsema et Hydrophobic soils show unique physical behaviors, quite diŠerent from those of hydrophilic soils. The dielectric permittivity of hydrophobic granular materials is lower than that of the hydrophilic one at low water saturation and much higher than that at water saturation S higher than ¿30z (Nguyen et al., 1999) . Hydrophobic quartz powder at the dry condition improves the ‰owabil-ity of theˆne particles (Michitaka et al., 2001 ). Hydrophobic granular materials show lower thermal conductivity, less evaporation e‹ciency and lower inˆltra-tion rates, andˆngered by-passing ‰ow at isothermal condition with a no capillary rise phenomenon (Philip, 1975 The measurement of small-strain stiŠness (e.g., shear wave velocity) provides a useful tool to characterize the ‰uid-soil particle interaction determined by the soilwettability at the particle scale. The shear wave velocity, Vs, in soils can be expressed in term of eŠective stresses 
where, s? 0 ＝(s? p ＋s? m)/2 is the average eŠective stress on the polarization plane, and s? p and s? m are the eŠective stresses in the direction of wave propagation and of particle motion, respectively. The coe‹cients a and b are experimentally determined. Then, the small-strain stiŠness, Gmax, in a homogeneous, isotropic continuum media can be expressed in terms of shear wave velocity Vs and mass density, r; Gmax＝r(Vs) 2 . Previous experimental studies using shear wave propagation in the unsaturated condition clearly identify the dominant capillary eŠect of unsaturated hydrophilic soils (Qian et al., 1993; Cho and Santamarina, 2001) , while data for hydrophobic soils are rarely reported. The capillary evolution between spherical particles is numerically investigated with the consideration of the size of sphere, the geometric conˆguration of liquid bridge determined by the volume of existing liquid and the separation between particles without experimental corroboration (De Bisschop and Rigole, 1982; Lian et al., 1993; Michitaka et al., 2001 ).
This paper investigates the capillary induced smallstrain stiŠness with the aid of controlled measurement of shear wave velocity and presents the prevalent capillarity dependent of the particle size and volume of liquid bridge for both hydrophilic and synthetic hydrophobic granular materials. The design of the experimental study, the numerical simulation and the obtained results follow next.
EXPERIMENTAL STUDY

Materials
The preparation of synthetic hydrophobic particles was accomplished by modifying the particle surface using a silica silanization process. The ideal spherity of the glass beads selected in this study (median diameter, D＝0.5 mm) minimizes the eŠect of particle shape and facilitate the comparative study with numerical investigation. The glass beads were thoroughly rinsed by deionized water and dried in the oven prior to the modiˆcation of particle surface. Then, the surface was modiˆed by submerging them in a reactive solution containing 10z n-octyltriethoxysilane by weight of isopropyl alcohol solution for 48 hours at room temperature. The reaction allows the binding of hydrogen on the surface of the silicate mineral, a predominant chemical component in glass beads with hydroxyl from silanol groups for surface modiˆcation. The overall reaction is qualitatively shown as follows (Da Re, 2000):
The sample was then cleaned by deionized water and oven-dried for 24 hours. The thickness of organosilane coated on the surface is estimated to be¿tens of nanometer (Sun et al., 2002) . Figure 1 shows the microscopic images of glass beads before and after silanization. Water droplets form on the hydrophobic particle surface, instead of the water bridge at inter-particle contact, as shown in Fig. 1(a) . The glass slide prepared with the same process was used to estimate the degree of hydrophobicity. The water drops formed on cleaned glass slide and silane-treated one indicate a contact angle of uhydrophilic ¿109and uhydrophobic¿1009 (Fig. 2) .
Sample Preparation and Measurements
The specimens (i.e., hydrophilic and hydrophobic glass beads) were thoroughly mixed with water for 15 min prior to being placed within a perforated acrylic cell with dimensions 74×74×45 mm (length×width×height) where a pair of bender elements was installed at the center of the side walls to measure the shear waves ( Fig. 3(a) ). The step function served as an input signal with an excitation frequency of 20 Hz and an amplitude of 10 Volts. Note that the complete saturation of the hydrophobic specimen was inherently hampered so that the initial degree of saturation was S¿50z. The initial void ratio was eo＝0.68 for both specimens. A network of holes was made in the cell to facilitate a uniform, fast drying condition. Filter papers were attached inside the cell to prevent the loss of particles from the cell. No vertical stress was applied to the specimen to capture the maximized capillary eŠect.
The cell was kept in a forced convection oven at the constant temperature of 609 C to allow the gradual evaporation of water. The cell was placed on a scale outside the oven (Fig. 3(b) ). The changes in specimen weight and the shear wave signals were continuously monitored until no change was observed in the specimen weight. Note that evaporation temperatures of ¿609 C may not achieve the complete drying condition (e.g., S＝0), while it is reasonable to state that the specimen is very close to the drying condition where no capillary eŠect prevails.
The overall conˆguration of the experimental set-up is shown in Fig. 3(b) . The determination of theˆrst arrival time of obtained S-wave signals was based on Lee and Santamarina (2005) , which considers the nearˆeld eŠect.
Evolution of Maximum Shear StiŠness
The evolution of the measured shear wave amplitude normalized by the maximum amplitude values for hydrophilic and hydrophobic glass beads are shown in Fig. 4 . High amplitude is indicated in red and lower amplitude is indicated in green. The hydrophilic specimen shows the constant evolution of wave traces during the early stage of evaporation. Theˆrst arrival of the shear wave begins and slightly increases near the degree of saturation S＝7.5z (line B in Fig. 4 (a)) and decreases again at S＝5.5z (line C) towards the completely drying condition (line D). On the other hand, in the case of the hydrophobic specimen,ˆrst arrival of the shear wave was quite constant, as shown in Fig. 4 (b). The maximum shear stiŠness estimated by the use of the shear wave velocity for both specimens is plotted with a degree of saturation in Fig. 5(a) . The recorded wave traces at the degree of saturation of A, B, C and D are shown in Fig. 5(b) . The estimated degree of saturation is based on the measured weight of the entire system. Although the perforated cell allows for quasi-uniform evaporation, the degree of saturation within the specimen may not be completely uniform. Thus, it is noted that the degree of saturation in this study is an equivalent value. Hydrophilic specimen: At theˆrst stage (S＝85¿100z), the stiŠness slightly increases due to the increase in the attractive inter-particle force in the specimen during the evaporation of water (Cho and Santamarina, 2001 ; Fratta et al., 2005; Truong et al., 2010). The stiŠness remains constant during the second stage of evaporation (S＝ 7.5¿85z) as there is no remarkable change in the interparticle contact condition. At theˆnal stage (Sº7.5z), the stiŠness noticeably increases and reaches a peak value at S¿5.5z due to the pronounced consequence of negative capillary pressure. As the capillary eŠect vanishes at dry condition, the stiŠness drops down to a similar value of Gmax＝4.5 MPa with the fully saturated condition. It should be pointed out that the negative capillary pressure (e.g., suction) plays an important role in improving the inter-particle contact condition under nominal vertical eŠective stress. Hydrophobic specimen: StiŠness remains fairly constant and runs below the hydrophilic specimen case throughout the evaporation process. The stiŠness is estimated to be ¿18z of hydrophilic specimen at point C, where the hydrophilic specimen shows the maximum value. The quasi-constant maximum shear stiŠness is attributed to the fact that silanized particle surface does not produce any negative capillary pressure, without attracting neighboring particles. The same inter-particle force condition at S＝0z, where no water eŠect prevails, leads to the convergence of shear wave velocities for both specimens with same initial void ratio.
NUMERICAL STUDY
The capillary force between particles is dominated by the surface tension among solid, liquid and vapor phases, the contact angle, the particle size and the volume of liquid present between particles. Moreover, the interplay between the contact angle and the tangential point of liquid on the particle surface deˆnes the unique proˆle of the liquid bridge to produce the inter-particle capillary pressure. Governing equations to examine capillarity and results follow. Figure 6 shows a simple physical model for the equilibrium proˆle of a liquid bridge between two identical spherical particles under point contact condition (e.g., no separation between particles). The axisymmetric condition allows us to consider the region of``0123'' to evaluate the capillary force and pressure where y(x) is the function to express the proˆle of liquid-vapor interface, u(x) is the proˆle of particle shape, xp and yp are abscissa and ordinates of the tangential point``2'', u is the contact angle of liquid-solid interface, a is deˆned as halfˆlling angle at tangential location of liquid bridge at the point 2 in Fig. 6 . Note that both a and u determine the volume of the liquid bridge. The characteristic proˆle of this model is the solution based on the minimization of the total free 
Governing Equations
where Pv is the pressure in the vapor phase, and glv, gsv, and gsl are surface tensions of liquid-vapor, solid-vapor, and solid-liquid interfaces respectively. Equation (3) consists of three components: surface free energy on the liquid-vapor interface, surface free energy on the solid-liquid interface, and the free energy of liquid body. The liquid proˆle y(x) meets the requirement minimizing the total free energy A under the constraint condition of a constant volume of the liquid bridge Vl in Eq. (4).
The minimization of total free energy is essentially a problem of conditional variation with movable boundaries which is solved by introducing a Lagrange multiplier l using variational calculus, which eventually leads to Laplace's Theorem (Adams and Gast, 1997).
Then, Eq. (5) deˆnes the capillary pressure or matrix suction (Nelson and Miller, 1997) . The Lagrange multiplier l turns out to be the pressure of the liquid phase. The diŠerential pressure between the two sides of the liquid-vapor interface is equal to the surface tension on the interface multiplied by the average radius of the curvature of the interface. Equation (6) shows the proposed solution (De Bisschop and Rigole, 1982)
where C is an integration constant and expressed in Eq.
.
For a given set of contact angle u and halfˆlling angle a, the ratio (l-Pv)/glv and the integration constant C can be determined as the coordinates of point 2 (xp, yp) or point 3 (0, y0) in Fig. 6 are assigned to Eq. (8) .
The constant C can be obtained with the boundary conditions as y? p ＝1/tan (a＋u) and y? 0 ＝0. Finally, the transformation of Eqs. (7) and (8) 
The quantity 2pC･glv is found to represent the total adhesion force acting on the spheres. This equation indicates that the adhesion force is made up of two parts (Lian et al., 1993) . One is the surface tension, 2py 0 ･g lv at the central section or the horizontal component 2pyp sin (a＋u)･ glv at the x＝xp plane on the three-phase contact line; the other is attractive hydrostatic pressure acting on either section due to the pressure diŠerence py
Liquid Proˆles between Spheres
The radius of the sphere is selected as R＝0.25 mm to correspond to the experimental study. For given values of contact angle and halfˆlling angle, the diŠerential equations are numerically solved with the aid of the modiˆed Eular method to evaluate both the capillary force and capillary pressure (Lian et al., 1993) . The set of capillary forces and pressure is obtained with the possible combination of both contact angle (109to 1509 , every 109 ) and the halfˆlling angle (159to 759 , every 109 ) to map the correlation between capillarity and the governing factors.
Selected proˆles of the liquid bridge at the equilibrium state are shown in Fig. 7 . Figure 7(a) illustrates the case of a constant contact angle u＝109with a variation of a halfˆlling angle a, and the formation of a liquid bridge for u＝1009is shown in Fig. 7(b) (Values of the contact angle are selected to correspond with the measured contact angles from the experimental study). Note that the case of u＝1009and aÀ659in Fig. 7(b) can not be dened because the convex shape of liquid bridge can not hold such a large contact angle with high volume of liquid and begins interfering n the neighboring liquid bridge in the bulk system with the loss of physical presence. Figure  7 (c) shows the evolutionary change of liquid volume by increasing the contact angle at the constant halfˆlling angle of a＝359and 559 . For each case of the halfˆlling angle and contact angle, the capillary forces and pressures are obtained following the principle of minimization of total surface free energy described above. Figure 8 shows that the volume of liquid bridge increases as the halfˆlling angle and contact angle increases 
Evolution of Capillary Force and Capillary Pressure
The capillary force computed in Eq. (9) is plotted with a range of contact angle and relative volume in Fig. 9(a) . The capillary force is expressed in a dimensionless form as Fnorm＝Fcap/(g･R) where g is the surface tension (71.97 mN/m for water at 259 C temperature) and R is the radius of the sphere. The capillary force decreases with increasing relative volume caused by the growing half-ˆlling angle. As the cross-sectional area increases with increasing a, the surface tension in Eq. (9) increases. Due to the combination of both parts in Eq. (9), the capillary force decreases with the increase in the half-ˆlling angle. The capillary forces for lower values of the contact angles (ºu¿509 ) remain in an attraction regime while a repulsive capillary force prevails at higher contact angles (uÀ¿859 ) for the entire range of relative volumes. As the relative volume decreases (e.g., equivalent to the decreasing degree of saturation during evaporation), the capillary force sharply increases at lower values of Vrel (note that the x-axis is in a logarithmic scale). It should be noted that the capillary force runs across the boundary between attraction and repulsion as the relative volume decreases when u is in the range of 509to 859 . Figure 9(b) shows the boundary between the repulsive and attractive forces depending on the relative volume and contact angle delineated by the zero-capillary force, which depends on the relative volume. Values are obtained when the computed capillary force changes its sign from positive (attraction) to native (repulsion) by the cubic-spline interpolation based on the data in Fig. 9(a) . The higher contact angles have lower values of relative volume in order to have attraction force. Figure 10 (a) shows the capillary pressure obtained by the pressure diŠerence between the vapor pressure and liquid phase, which is proportional to the curvature of liquid bridge in Eq. (5), with a range of contact angles and relative volumes. Individually computed values of force and pressure are validated with the relation between capillary force and pressure as Fcap＝surface tension-(Pcap･cross sectional area). The capillary pressure is expressed in the dimensionless form as Pnorm＝Pcap･R/g. Unlike the capillary force, the capillary pressures for all contact angle cases with high relative volumes, analogous to the highly saturated condition, initially reside in a minor level of repulsion close to zero value. As the relative volume decreases (e.g., the decreasing degree of saturation as the liquid evaporates), the attractive capillary pressure gradually develops for lower contact angle cases and the repulsive capillary pressure develops for higher contact angle cases. This observation highlights the more pronounced eŠect of the capillary pressure between particles at smaller values of contact angle and low degrees of saturatio, which determines the direction of pressure, either negative pressure (attraction) or positive pressure (repulsion). The boundary between the attractive and repulsive capillary pressure is shown in Fig. 10(b) . The capillary pressure between particles falls into the attraction category when the relative volume is relatively small for smaller contact angles. Similar to the capillary force, a lower value of the relative volume (e.g., the degree of saturation in bulk soils) is needed for attractive pressure in higher contact angle cases.
DISCUSSION
The capillary force at the contact between two spherical particles in terms of the particle size and cross-sectional area can be expressed in its simplest form as follows:
where r is the distance from the center to the inside wall of liquid bridge (e.g., y0 value in Fig. 6 ) and D is the particle diameter, and Eq. (10) is valid when the water content is less than ¿6z ( see detailed derivation in Santamarina et al., 2001). The estimated normalized capillary forces thoroughly coincide with the values for u＝109 (shown as thick solid line in Fig. 9(a) ). Although estimated values using Eq. (10) provides theˆrst order approximation of capillary force for hydrophilic particles, it is applicable only to evaluating the low contact angle cases. For freshly remolded unsaturated soils, the optimal degree of saturation corresponding to the peak value of maximum shear stiŠness, Sopt [z], is empirically proposed as follows (Wu et al., 1984) :
where D10 is the eŠective diameter of a particle in millimeter. The estimated value using D10¿0.3 mm in this study provides the optimal degree of saturation of Sopt ¿4.9z that is similar to our measured data of 5.5z. In Eq. (11), it is clear that the smaller the particle size, the higher the degree of saturation to attain the maximum shear stiŠness caused by the smaller curvature of liquid bridge formed at the particle contact. While Eqs. (10) and (11) capture the eŠect of particle size, the concept is only valid when the overburden pressure is small enough to have capillary force become preponderant over other Fig. 11 . Forces acting on a particle. Particle size and overburden pressure determine the dominant force regime type of forces. Figure 11 shows that the interplay between particle diameter and the overburden force delineate unique regimes where each force plays a signiˆcant role ). The overburden, capillary, and electrical forces are evaluated based on the depth, surface tension, and van der Waals force eŠect, respectively. As the particle size and overburden pressure increase, electrical and capillary eŠects diminish and an overburden force dominates the forces acting on particles. The lines in Fig. 11 represent the boundaries between each force. The governing force for D＝0.5 mm used in this study resides near the boundary between the dominant regimes of capillary force and overburden force. Thus, both overburden and capillary forces dominate the inter-particle forces of unsaturated soils in this study. The capillary force acting on the inter-particles adds additional force to overburden force. Cho and Santamarina (2001) proposed the following expression to estimate the shear wave velocity at unsaturated soils [Vs]S at a given saturation S based on the shear-wave velocity [Vs]S＝1 at saturation S＝1.0.
where s? eq ＝the additional eŠective stress only due to capillarity at a given degree of saturation S; s? v ＝vertical eŠective stress due to the overburden force at S＝1; e＝ void ratio; G s ＝speciˆc gravity; K 0 ＝the coe‹cient of lateral earth pressure at rest. With the experimentally obtained maximum value of shear wave velocity Vs＝117 m/s at S＝5.5z, the additional eŠective stress due to capillarity eŠect is estimated to be s? eq¿9.26 kPa using Eq. (12) (note, [Vs]S＝1＝52.5 m/s, e＝0.68, Gs＝2.52, eŠective unit weight g?＝8.4 kN/m 3 , (Height＝45/2 mm (e.g., s? v ＝0.19 kPa), K0＝0.59, and b＝1/6 for Hertzian contact). The analytical estimation of capillary pressure for the hydrophilic glass beads with the contact angle of 109approximates to be 6.62 kPa for half-ˆlling angle of 159 . Although we do not attempt to directly correlate the degree of saturation in experimentation with that of the two-particle model system presented, the estimated capillary eŠective stress driven by the capillarity resides within the same order of magnitude.
The negative capillary pressure provides strong attraction force to improve the inter-particle contact condition so as to increase the small-strain stiŠness. The constant evolution of maximum shear stiŠness of hydrophobic specimen during evaporation is attributed to the strong repulsive capillary pressure among particles. The repulsive pressure is virtually supposed to be zero additional eŠective stress within the constrained boundary condition of a bulk soil system (e.g., there is no physical separation between particles to produce the smaller shear wave velocity at low degrees of saturation).
CONCLUSIONS
This study presents the evolution of maximum shear stiŠness for unsaturated granular materials whose surface conditions are wettable and water-repellent. The synthesis of silane-treated materials induces high contact angle to emulate hydrophobic surface condition. The continuous measurement of shear wave velocity enables elucidating the decisive eŠect of surface wettability of granular materials and degree of saturation in bulk system. A numerical simulation of a two particle model help to understand the changes in capillary force and pressure governed by particle size, contact angle, volume of liquid bridge and degree of saturation. The following conclusions are made in this work:
The hydrophobic specimen shows constant shear stiŠness for the entire range of degree of saturation because the high contact angle induces a repulsive capillary pressure that creates a virtually zero eŠec-tive pressure at particle contact. The peak shear wave velocity (e.g., maximum shear stiŠness) is captured for hydrophilic materials at the degree of saturation S¿5.5z (5.5 times greater than hydrophobic case) due to the pronounced eŠect of the negative capillary pressure among particles, the following quasi-constant evolution of Vs at higher value of degree of saturation The capillary pressure resides in the repulsion when the volume of liquid bridge is high, regardless of the contact angle. As the degree of saturation decreases, the attractive capillary pressure gradually evolves for particles with smaller contact angles. The regime of zero-capillary force and pressure is identiˆable for unsaturated soils by the interplay between the contact angle and the volume of the liquid bridge. The combined eŠect of particle size, contact angle, degree of saturation and overburden pressure determines the primary inter-particle contact force condition in granular materials. The methodology detailed in this study helps understand capillary formation of a range of geo-materials within the framework of the governing factors under consideration.
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